I. INTRODUCTION ATER, BECAUSE of its high dielectric constant, selfrepairability, low cost, and ease of handling is commonly used as the intermediate energy storage medium in pulsed power devices. Large high-energy high-power machines frequently have a capacitor or pulse forming line charged in the multimicrosecond regime. The water must not suffer electrical breakdown during this charging time. These considerations have led the pulsed power group at NSWC/DL to In the regime investigated in this work, the process of electrical breakdown has wide (apparently) statistical variation. It is not uncommon for identical tests to differ by a factor of two in time of breakdown. To obtain reliable measures of performance under these conditions requires large numbers of tests and good control on all process variables. These considerations underlie the experimental approach.
II. APPARATUS The test apparatus built at NSWC/DL explicitly for water breakdown research consists of three components (refer to Fig. (1) ): a water conditioning system, an electrical system, and the test cell.
The water conditioning system was designed to provide water which could be well characterized. It consists of a) a pump of >4 gal/min capacity, b) a mixed bed deionizer, c) a deaeration column, d) a heat bath to maintain temperature, and e) an ultraviolet sterilizer to suppress algae growth. This U.S. Government work not protected by U.S. copyright where p = pressure in deaeration column (torr), and PHO (T) = water vapor pressure (torr). The circuit of the electrical system is shown in Fig. 2 . The voltage source is a 10-stage Marx generator capable of 500-kV maximum, whose erection time is a couple of hundred nanoseconds. The Marx charges the water test cell with either polarity through a copper sulphate charging resistor. The The voltage is measured by a copper sulphate dividing resistor, the current is measured by a Rogowski coil. The observed voltage and current waveforms agree with computer modeling (which takes into account temperature and gap size effects) to the resolution of the oscilloscope traces. The waveform repeatability from shot to shot is within two percent. Breakdown time is also measured by counting a 100-MHz clock signal gated by the voltage signal. All are recorded on a Tektronix Model 7844 Dual Beam Oscilloscope. Fig. 3 shows a sample test trace.
The test cell is a Plexiglas box 0.5 m X 0.5 m X 0.36 m which holds the test electrodes. The electrodes are thus over 0.1 m away from any solid dielectric interfaces which might contribute to field anisotropies or cause spurious breakdown paths. Two electrode geometries are used; hemisphericalplane and planar. These are sketched in Fig. 4 Aldermaston on water breakdown, it has become customary to express the electrical stress and the maximum duration for which water will hold the stress in the form of a functional relation [1] Emaxt3 -=MIA 1/10 (2) Emax is the maximum electric field in the water, teff is the effective time (defined as the duration for which the field exceeds 63-percent Emax), A is the area of the electrodes which experience 90 percent or more of the field. For E in MV/cm, teff in ,s, A in cm2, M is a "constant" which has values reported to range between 0.3 and 0.6 [2] , [3] . M might be expected to depend on the quality of water (purity percent deaeration, temperature, etc.) and on the electrodes (geometry, surface finish, material, etc.). Thus the value of M can be used as a figure of merit for a water capacitor system. The larger M is, the better.
Assuming (2), M can be obtained experimentally by measuring the field waveform applied to the system and monitoring the time to breakdown. teff is then defined as teff = tb -to.63. (3) tb is the breakdown time measured from onset of the field and t063 is the time at which the field first exceeds 63 percent of the maximum field achieved. In this way M is only based on tests in which the water actually broke down. Since experiments show wide shot-to-shot variation, M is estimated by averaging over N shots During the initial testing, it was noted that for lower voltages breakdown often did not occur. Accordingly, a second measure of breakdown, called "breakdown probability" is defined to reflect this threshold character. Simply stated, if n tests with identical waveforms are performed and b(<n) of them From the beginning there was concern over aging. Aging (i.e., the change in breakdown character with time, or number of breakdowns suffered) based on two mechanisms could be postulated. One mechanism is chemical reaction with water, the other is surface field anisotropies due to pitting and scarring from repeated tests. This is studied by arranging the data in order taken and computing running averages of M. The results for the four sets of planar electrodes are shown in Another question concerned the range of validity of (2) To check the reproducibility of the results, after all testing was completed, the stainless steel electrodes were resurfaced and 44 shots all with the identical waveform were performed. This data in Fig. 6 as the single point with error lines whose extension are the root-mean-square variance.
In comparing Figs. 5 and 6, conclusions can only be drawn if the shots in sequence bear no overall correlation to Emax. In reviewing the data, this was found to be true for all except, unfortunately, the aluminum data. Test sequence data for aluminum was correlated to Emax (i.e., each aluminum data point was taken at the same or higher breakdown field than the previous data point). Hence it is not possible to ascribe the trend displayed with certainty purely to nonconstancy of M or aging, or both.
The results of threshold testing are shown in Fig. 7 . The transition from no breakdowns to 100-percent breakdown is fairly sharp. Once again, experimental vicissitudes need discussion. If these tests are performed starting at a low field and completed by monotonically increasing the field until 100-percent breakdowns occur, a fairly smooth and sharp plot of breakdown probability will result. Similarly, if one starts with a high field and monotonically decreases the field, smooth data result. However, the plots will not interlace. Increasing sequence probabilities always seem to be at higher fields than when data is taken in decreasing fashion. The points plotted are combinations of both methods. This effect is generalized by stating the experimental observation that the probability of breakdown on the nth test depends on whether the n-lst test broke down, which is to say each test is not a Bernoulli chance. This effect, which is difficult to quantify, was explored in a qualitative way. It was established that, following application of a high stress, a lower stressed test would probably break down. Quite a bit of effort was expended to determine if there was a correlation between breakdown sites. By means of the cathetometer, the breakdown position was measured for over 400 tests to determine if there was a pattern. None was found, i.e., the measurements indicated that if the nth test broke down at position x, the probability that any other test would break down at x was small. This was confirmed by posttest examination of the electrodes which revealed a uniform random distribution of breakdown sites.
V. SUMMARY AND DISCUSSION
The experiments indicate that bead blasted steel, brass, and copper perform similarly while aluminum performance is significantly lower. This was shown both on the basis of M and breakdown threshold. M for aluminum was about 75 percent of the grand mean M value of the other materials. Similarly the breakdown threshold of aluminum was about 80 percent of the other materials.
The increase of M with tb ( Fig. 6) (7) we used a least squares approach to find the best value for a time parameter in place of t063. While these alternate measures could be used to remove the trends shown in Fig. 6 , they did not significantly reduce the statistical fluctuations and to avoid confusion, were not presented. Actually, for long times, the threshold field implied by the breakdown probability curves of Fig. 7 Despite a wide variety of experimental work, there remains much that is not understood about the electrical explosion of conductors. Edge effects which lead to breakdown, for example, are not well understood. It seems reasonable that breakdown at the edges of the foil is due to corona discharge and explosions due to irregularities which are introduced when the foil is cut. There is some evidence, however, that there may be mechanisms other than corona discharges which lead to edge breakdowns [13] . The effect of volume changes is also not well understood. Although electrical conductivity is known to be relatively sensitive to volume changes, a constant volume approximation is generally used in order to avoid difficult hydrodynamic calculations [14] . Finally, we mention the effects of the surrounding medium on fuse characteristics. It is not clear, for example, what the characteristics of the surrounding medium should be in order to best inhibit electrical breakdown. On the one hand, it is suggested that the surrounding medium should confine the metal vapor in order to inhibit collisionally induced ionization and subsequent breakdown [1 ] . On the other hand, it has been suggested that heat transfer and chemical reactions with the surrounding medium can inhibit electrical breakdown [15] .
U.S. Government work not protected by U.S. copyright
